Effect of B 2 O 3 -Bi 2 O 3 -SiO 2 -ZnO glass on the dielectric and magnetic properties of ferroelectric/ferromagnetic composite for low temperature cofired ceramic technology
Flexoelectric effect describes the coupling between the electric polarization and the mechanical strain gradients in insulators. This effect can be expressed by the following equation:
where P l is the induced electric polarization, l ijkl is the flexoelectric coefficient, S ij is the elastic strain, and x k is the direction of the gradient in S. Flexoelectricity is different from piezoelectricity. Piezoelectricity exists only in the 20 crystal point groups where center of symmetry is absent. However, flexoelectricity has no symmetry constraint. It occurs in all 32 crystal point groups because inversion symmetry can be broken by strain gradients.
More than 40 years ago, Kogan discussed the electric polarization induced by inhomogeneous deformation in a centric crystal and proposed the first phenomenological model to describe this phenomenon in dielectrics. 1 Many theoretical discussions on flexoelectricity in solid dielectrics have been made since then. [2] [3] [4] [5] [6] [7] According to Tagantsev, 2,3 a material's flexoelectric coefficient is directly proportional to e/a (where e is the electron charge and a is the unite cell dimension) and its electric susceptibility. In crystalline dielectrics, the flexoelectric coefficient was estimated to be of the magnitude 10
. Very recently, Ma and Cross have pioneered the studies of experimental measurements of flexoelectric coefficient in some perovskite ferroelectrics (PMN, BST, PZT, BaTiO 3 ). [8] [9] [10] [11] [12] [13] Initial results indicate materials with high permittivities, such as ferroelectrics in polar or paraelectric phases close to transition temperatures, may have giant flexoelectric coefficient: 3-4 orders magnitude higher than theoretical values. Nowadays, the highlight of flexoelectric has been focused on ferroelectric thin films because the strain gradients can be 6-7 orders larger in thin films than those in bulk oxides.
14 Apparent flexoelectric effects have been observed in ferroelectric epitaxial thin films. 15 Catalan and coworkers observed flexoelectric rotation of polarization in the PbTiO 3 thin film and calculated the magnitude of the rotation angle which was consistent with the observation. 16 It is well accepted that the symmetry of the perovskite ferroelectrics is isotropic when the temperature is above Curie temperature. Thus, the previous experimental results on perovskite ferroelectric material exclude the influence of piezoelectricity. But a curial argument is ferroelectricity may exist even above phase transition temperatures due to local strain effect and contributes piezoelectric effect to the measured charges. 14 It seems the study of flexoelectric effect in non-ferroelectrics is urgently needed to further understand flexoelectricity. Flexoelectric response in SrTiO 3 single crystal has been studied by Zubko, Catalan, Scott, etc., 17 and the flexoelectric coefficients were found to be 10
À9
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À8 C/m, just 2 orders of magnitude higher than theoretical prediction in normal dielectrics. Zubko and his coworkers demonstrated that flexoelectric effect could be detected in non-piezo or ferroelectrics. But the effect in SrTiO 3 single crystal was far from an enhanced one.
In this study, we investigated the enhanced flexoelectricity in a non-ferroelectric high permittivity composite. The a-phase (Bi 1.5 Zn 0.5 )(Zn 0.5 Nb 1.5 )O 7 (BZN) with a cubic pyrochlore structure was selected as the matrix material for its high permittivity and low loss tangent, 18 silver powders were doped into the matrix to obtain an even higher permittivity. A series of composites with different volume fractions (Vfs) of silver were produced. Among them, only the one contains 0.15 volume fraction of silver has a much higher dielectric constant comparing with pure BZN as well as an acceptable low dielectric loss tangent and conductivity. The high permittivity combined with the absence of ferroelectric makes the BZN þ 0.15Vf of Ag composite a proper candidate for studying flexoelectricity. So this composite was chosen for our research.
The composite was prepared via the following procedure. High-purity Bi 2 O 3 (99%), ZnO (99%), and Nb 2 O 5 (98.5%) were used as the starting materials. Stoichiometric amounts of the powder samples were mixed and ball milled using zirconium balls in alcohol for 4 h. The resultant slurry was then dried and calcined at 850 C for 4 h. A small amount of B 2 O 3 was added to the fine powder of calcined material in order to reduce the sintering temperature below 960 C. 19 Subsequently, calcined BZN powder with 2 wt. % of B 2 O 3 powder and 15% volume fractions of silver (99%, 2-5um) were mixed by ball milling in alcohol, followed by drying and grinding. Polyvinyl alcohol (PVA) solution was then added to the powder, mixed, dried, and ground well. The powder containing BZN, B 2 O 3 , and silver was pressed into cuboids of about 30 mm length, 12 mm width, and 1.5 mm thickness, by applying a pressure of 200 MPa. These cuboids were sintered at 900 C for 2 h. The size of the sintered samples was shrunk to 26.7 mm long, 10.4 mm wide, and 1.2 mm thick. In order to make a contrast, pure BZN samples were also prepared by the same method.
The phase compositions of samples were identified by X-ray diffraction (XRD) with Cu Ka radiation (Rigaku D/MAX-2400 X-ray diffractometry, Tokyo, Japan). Surface morphology of samples was studied by scanning electron microscope (SEM, FEI, Quanta 250 F) with associative elemental analysis by energy dispersive spectrometer (EDS). Dielectric temperature spectra of samples were measured using an impedance analyzer of Agilent E4980A (Agilent, CA). Figure 1 presents the XRD patterns of pure BZN and BZN þ 0.15Vf of Ag. It can be seen that the pure BZN has only single a-phase, while the BZN/Ag composite is composed of a major a-phase, a second silver phase and a little ZnO phase. The SEM images of as-fired surfaces of BZN before and after doping with silver are shown in Figs. 2(a) and 2(b), respectively. Images on elements distribution at the surface of the BZN/Ag sample by EDS are shown in Fig. 2(c) . From these images we can see that after doping of silver, the grain size of BZN is smaller than before. And from Fig. 2(c) , we can see the distribution of Ag and Zn elements as some big dots in the image. This phenomenon indicates that ZnO appears. An earlier research 20 has reported that a small amount of ZnO did exist in the sintered specimen of Bi 1.5 ZnNb 1.5 O 7 . And in this research, it was found that the doping of silver leads to a sharp increase of ZnO phase. Dielectric temperature spectra of the samples of BZN/Ag and pure BZN from 20 C to 250 C are shown in Fig. 3 . The low frequency permittivity of the BZN/Ag sample is above 720 at room temperature, and the dielectric loss tangent is lower than 2%. The permittivity of the BZN/Ag composite is much larger than that of pure BZN, but the loss tangent is in the same order as that of pure BZN. The flexoelectric coefficient of the sample bars were measured using a beam bending method. The system we used for flexoelectric measurement is similar to that of Ma and Cross. In one previous work, 21 we have detailed the noise level of the system and affirmed its stability. The schematic form of this measurement system is shown in Fig. 4(b) . It can be seen that the sample bar is clamped at one end and driven into transverse vibration at the other end by a loudspeaker. Driving voltage is applied to the loudspeaker (DERVEL RH-603) by a signal generator. A micro-displacement optical sensor (MIT2000) is used to measure the micro strain of the sample and the probe of the sensor is set at the location of the upper electrode. The currents generated by the strain gradients are collected by a lock-in amplifier (LIA, SR7280), and the phase of the LIA is locked to the frequency of the loudspeaker's driven signal.
Taking the x 1 axis along the beam and the x 3 axis normal to the electrode surfaces (Fig. 4(a) 
where l ef f is an effective transverse flexoelectric coefficient. The theoretical analysis of transverse flexoelectric coefficient can be seen in Ref. 22 . The induced polarization can be calculated via
where i is the induced current collected by LIA, A is the electrode area, and f is the frequency of the driving signal.
Since the sample beam is one end clamped, the strain and strain gradient of the beam is not homogenous. A small area at the middle of the beam is chosen as a testing area, and it is assumed that the strain gradient in this small area is homogenous. Silver electrodes are coated on both upside and downside of this area. In this experiment, the deflection of the beam is very small (several micrometers), so in quasistatic situation, the strain gradient of the chosen point on the beam can be estimated by 23 
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where x 1 is the distance from the clamped end to the center of the electrode and Wðx 1 Þ is the deflection of the beam. In fact, as has been explained in the previous paper, 21 Wðx 1 Þ is actually a superposition of different deformation modes, each mode shape can be written as 
where A r ¼ C 1 =ðsinb r L À sinhb r LÞ, r ¼ 1, 2, 3…, C 1 is determined by the displacement at the electrode position. We normally only consider the basic harmonic mode. For this mode, bL ¼ 1.875. There is a concern that formula (5) works when the beam system is undergoing a natural or free vibration, but in this experiment the deflection of the beam is driven by forced vibration. Fortunately, it has been systematically demonstrated by S. Baskaran and his coworkers that if the frequency of the vibration is very low, the calculated results using formula (5) in both forced vibration model and natural vibration model are very close. 24 In the measurement, the BZN/Ag sample bar is set into the system and one end of it is driven by a sinusoidal wave signal at 10 Hz. This frequency is low enough to be regarded as the quasi-static situation. So the strain gradient can be roughly calculated using Eqs. (4) and (5). The other end of the sample bar is fixed tightly by a screw, the distance from the fixed point to the nearest edge of the electrode is 11.15 mm, this distance is far enough to avoid effects of nonperfect clamping conditions. The induced current i and the corresponding micro-displacement under different driven voltages were recorded.
The value of polarization P and strain gradient
were then, respectively, calculated using Eqs. (3)- (5). Fig. 5 shows the relationship between them. It is known that P is directly proportional to the strain gradient, and the slope of the fitted line is just the flexoelectric coefficient according to formula (2) . For pure BZN, the l eff should be of the order of 10 À10 C/m, however, the measured value is about zero due to the limit of the measuring system. For the BZN/Ag composite, the effective flexoelectric coefficient is calculated to be 0.17 lC/m. Although this value is smaller than that of some ferroelectrics such as Pb(Mg 1/3 Nb 2/3 )O 3 (4 lC/m), 9 Ba 0.67 Sr 0.33 TiO 3 (100 lC/m),
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Pb 0.5 Zr 0.5 TiO 3 -5H (1.5 lC/m), 12 BaTiO 3 (30.2 lC/m), 13 it is still much larger than the theoretical predict values of ordinary dielectrics (about 10 À10 À10 À11 C/m). 2 The results indicate that the doping of silver is of great importance to the enhancement of the flexoelectric effect in BZN/Ag composite. In fact, high permittivity is considered as one important factor for increasing the flexoelectric coefficient. Ma and Cross have experimentally proved that the flexoelectric coefficient of a crystal was proportional to its permittivity. But permittivity is not the only determinant. A material's intrinsic property also has a very important contribution to its flexoelectricity. From Tagantsev's theory, 2,3 the flexoelectric coefficient is determined by the following formula: 
where c is a constant related to the sample's structure, v 33 is the weak field susceptibility, in high permittivity dielectrics, v 33 is very close to the permittivity, e is the electron charge, and a is the unit cell dimension. L. E. Cross calculated the c values of some ferroelectrics as follows: 25 It is known that a-phase BZN has a A 2 B 2 O 7 cubic pyrochlore structure. 26 The chemical formula of this material is (Bi 1.5 Zn 0.5 )(Zn 0.5 Nb 1.5 )O 7 pyrochlore. This structure is built of two interpenetrating 3D networks: a corner-sharing BO 6 octahedra net and a A 2 O 0 tetrahedra net locating in the interstices of BO 6 net. The site occupation is in a way that Zn 2þ tends to occupy the B site first and then enters the A site after the B site is fully occupied. 27 In this research, after doping BZN with silver, a few ZnO grains were separated out. So the A sites of (Bi 1.5 Zn 0.5 )(Zn 0.5 Nb 1.5 )O 7 were assumed to be occupied with Ag þ , Zn 2þ , Bi 3þ and vacancies. Thus, local symmetry of the structure and the balance of Gibbs free energy were broken by these point defects. 28 Therefore, charge separating becomes easier in this changed structure and the c value of this composite presents a large one.
In conclusion, we observed an enhanced flexoelectric effect in a non-ferroelectric BZN þ 0.15 Vf of Ag composite. Every insulating solid has flexoelectric effect theoretically, however, in common dielectrics such as BZN crystal, the flexoelectric effect is too weak to be detected. In this work, the BZN/Ag composite is non-ferroelectric and the silver doping increases its permittivity and the c value, making its flexoelectric coefficient be significantly improved. Our study confirms that enhanced flexoelectric effect can also be observed in non-ferroelectrics, suggesting that composites with high permittivity and large c values have the potential to be useful materials with flexoelectricity.
